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I. INTRODUCTION
Devising accurate and efficient methods to predict the electronic properties of molecules and condensed systems is an active field of research. Density functional theory (DFT) has been widely used for electronic structure calculations. [1] [2] [3] However, the exact form of the exchange-correlation functional is unknown and therefore DFT results depend on the choice of approximate functionals. Improvement over DFT results may be obtained by using manybody perturbation theory (MBPT). 4,5 A practical formulation of MBPT for many electron systems was proposed by Hedin, 6 where the self-energy Σ is written in terms of the Green's function G and the screened Coulomb interaction W .
The GW approximation 5,6 has been successful in the description of the electronic properties of several classes of materials and molecules; 7-12 however the computational cost of GW calculations remains rather demanding and many complex systems cannot yet be studied using MBPT. Hence, algorithmic improvements are required to apply MBPT to realistic systems. One of the most demanding steps of the original implementation of GW calculations 13-17 involves an explicit summation over a large number of unoccupied single particle electronic orbitals, which enter the evaluation of the dielectric matrix 18,19 defining the screened Coulomb interaction W (W = −1 v c , where v c is the Coulomb interaction). The summation usually converges slowly as a function of the number of virtual orbitals (N c ).
In recent years, several approaches have been proposed to improve the efficiency of GW calculations. For example, in Ref. 20 it was suggested to replace unoccupied orbitals with approximate physical orbitals (SAPOs); the author of Ref. 21 simply truncated the sum over empty states entering the calculation of the irreducible density-density response function, and assigned the same, average energy to all the empty states higher than a preset value; in a similar fashion, in Ref. 22 an integration over the density of empty states higher than a preset value was used. Other approaches adopted sophisticated algorithms to invert the dielectric matrix, e.g. in Ref. 23, they employed a Lanczos algorithm. Recently, an implementation of G 0 W 0 calculations avoiding altogether explicit summations over unoccupied orbitals, as well as the necessity to invert dielectric matrices, has been proposed, 24-28 based on the spectral decomposition of density-density response functions in terms of eigenvectors (also known as projective dielectric eigenpotentials, PDEPs). In spite of the efficiency improvement introduced by such formulation, G 0 W 0 calculations for large systems remain computationally demanding.
In this paper, we propose an approximation to the projective dielectric technique, 24 which in many cases leads to computational savings of G 0 W 0 calculations of 10-50%, without compromising accuracy. The rest of the paper is organized as follows: we describe the proposed methodology in section II and then we present results for several systems in section III, followed by our conclusions.
II. METHODOLOGY
We compute the density-density response function of solids and molecules within the framework of the random phase approximation (RPA), using projective dielectric eigenpotentials (PDEP) 24,25,28 . The accuracy of this approach has been extensively tested for molecules and solids. 25 The technique relies on the solution of the Sternheimer's equation 3,29,30
to obtain the linear variation of the v-th occupied electronic orbital, |∆ψ v , induced by the external perturbation ∆V . In Eq. 1,Î is the identity operator,P c is the projector onto the unoccupied states, ε v and ψ v are the v-th eigenvalue and eigenvector of the unperturbed Kohn-Sham HamiltonianĤ =K +V SCF , respectively, whereK = − ∇ 2 2 is the kinetic energy, V SCF is the self-consistent potential. For each perturbation, the first order response of the density ∆n can be obtained as 31
Eq. 1 and 2 can be used to iteratively diagonalize the static symmetrized irreducible densitydensity response,χ 0 : 24,25,28χ The application of the algorithm described above to large systems is hindered by the cost of solving Eq. 1. However, we note that the eigenvalues ofχ 0 rapidly converge to zero , 9,24,25,33 (an example is shown in Fig. 1 ). In addition, as shown in Ref. 25, the eigenvalue spectrum of the dielectric function for eigenvectors higher than the first few, is similar to that of the Lindhard function. 34 Hence we propose to compute the PDEPs ofχ 0 corresponding to the lowest eigenvalues using Eq. 1 and 2 and to compute the remaining ones with a less costly approach. Inspired by the work of Rocca 35 , we approximate the eigenpotentials corresponding to higher eigenvalues with kinetic eigenpotentials, which are obtained approximating the full Hamiltonian entering Eq. 1 with the kinetic operator(K): 35,36
We note that the application of the kinetic energy (K) amounts simply to computing a sum over the plane-wave expansion coefficients multiplied by the square of the G-vectors In the following, we refer to the eigenpotentials from Eq. 1 as standard PDEPs (std-PDEP, ξ i , i = 1, · · · , N stdPDEP ) and those from Eq. 4 as kinetic PDEPs (kinPDEP, η i , i = 1, · · · , N kinPDEP ) and we rewrite the irreducible density-density response function as
where ξ i and η j are standard and kinetic PDEPs, respectively, and λ i and µ j are their corresponding eigenvalues. The procedure to generate stdPDEPs and kinPDEPs is summarized in Fig. 2 . We note that during the construction of kinetic PDEPs, the projection opera-torP =Î − N stdPDEP |ξ i ξ i | was applied so as to satisfy the orthonormality constraint,
to yield a symmetrized irreducible response functionχ 0 .
In our G 0 W 0 calculations, both the static Green's function and the statically screened
Coulomb interaction are written in the basis of eigenpotentials of the dielectric matrix.
Frequency integration is performed using a contour deformation algorithm. A detailed description of the implementation of G 0 W 0 calculations in the basis of eigenpotentials can be found in Ref. 26-28. One should also note that Eq. 1 and 2 apply only to semiconductors, but this formalism may be generalized to metallic systems.
III. VALIDATION AND RESULTS
We now turn to discussing results for molecules and solids obtained by using a combination of standard and kinetic PDEPs. To examine the efficiency and applicability of the ap- Fig. 3 ). These results are given in the second (A) and third columns (B)
of Table I and Table II . 43 The reference results reported in the last column (C) of the two tables were obtained with 200, 300, 400, 500 stdPDEPs and an extrapolation was applied.
We found that including only 20 stdPDEPs yields quasiparticle energies accurate within 0.1 eV relative to the reference G 0 W 0 values obtained using only standard eigenpotentials.
(See also Fig. 2 of the Supplementary Information). The two data sets starting from 20 or 100 stdPDEPs enabled us to save 40% and 10% of computer time compared to the time usage needed with only standard eigenpotentials. The two sets of calculations starting with N stdPDEP = 100 and N kinPDEP = 200 amounted to savings of 32% and 15%, respectively.
We now turn to a more complex system, amorphous silicon nitride interfaced with a silicon surface (Si 3 N 4 /Si(100)), whose structure was taken from Ref. 48 (See Fig. 4 ). This interface is representative of a heterogeneous, low dimensional system.
We computed band offsets (BO) by employing two different methods. The first one is based on the calculation of the local density of electronic states (LDOS); 48,49 the second one is based on the calculation of the average electrostatic potential which is then used to set a common zero of energy on the two parts of the slab representing the two solids interfaced with each other. 50 The average electrostatic potential was fitted with the method proposed in Ref. 51. We used a plane wave energy cutoff of 70 Ry. We also performed G 0 W 0 @PBE calculations for each bulk system separately and obtained quasiparticle energies.
The local density of states is given by:
where z is the direction perpendicular to the interface, ψ i (x, y, z) is the wavefunction, the factor 2 represents spin degeneracy. We computed the variation of the valence band max- where E F is the Fermi energy and ∆ is an constant that is chosen to be 0.003. 48 We follow a common procedure adopted to describe the electronic structure of interfaces described in Ref. 48 and 49. The band offsets (see Table V ) at the PBE level of theory were determined to be 0.83 eV and 1.49 eV for the valence band and conduction band, respectively, which are in agreement with the results of 0.8 eV and 1.5 eV reported in Ref. 48.
As mentioned above, another method to obtain the valence band offset (VBO) and conduction band offset (CBO) is to align energy levels with respect to electrostatic potentials.
Following Ref. 51, the electrostatic potential was computed as:
whereV (i) at is the potential near the core region obtained from neutral atom calculations.
With this method, VBO and CBO at the PBE level are found to be 0.89 eV and 1.63 eV. To compute G 0 W 0 corrections on band offsets, we performed G 0 W 0 @PBE calculations of bulk silicon and amorphous silicon nitride. In Table IV, To test accuracy of kinetic eigenpotentials, we started with 400 stdPDEPs and added 100, 
IV. CONCLUSION
The method introduced in Ref. 9,26-28 to compute quasiparticle energies using the G 0 W 0 approximation avoids the calculation of virtual electronic states and the inversion and storage of large dielectric matrices, thus leading to substantial computational savings. Building on the strategy proposed in Ref. 24, 25 and implemented in the WEST code, 28 here we proposed an approximation of the spectral decomposition of dielectric matrices that further improve the efficiency of G 0 W 0 calculations. In particular we built sets of eigenpotentials used as a basis to expand the Green function and the screened Coulomb interaction by solving two separate Sternheimer equations: one using the Hamiltonian of the system, to obtain the eigenvectors corresponding to the lowest eigenvalues of the response function, and one equation using just the kinetic energy operator to obtain the eigenpotentials corresponding to higher eigenvalues.
We showed that without compromising much accuracy, this approximation reduces the cost of G 0 W 0 calculations by 10%-50%, depending on the system, with the most savings observed for the largest systems studied here.
SUPPLEMENTARY MATERIAL
See supplementary material for convergence studies of the G 0 W 0 calculations of the vertical ionization potential of the CH 4 molecule, whcih is taken as a representative example of the molecular systems studied in the main text. 
B. Calculations of the vertical ionization potential
We present, in Fig. 2 , the results for the vertical ionization potential of the CH 4 molecule computed with 5, 10, 20 standard PDEPs (N stdPDEP ), and the remaining 100, 200, 300 and 400 PDEPs treated as kinetic PDEPs. When setting N stdPDEP = 10 or 20 we obtain results accurate within 0.02 eV, as compared to the ones obtained using only standard PDEP. When using 5 stdPDEPs we obtain instead an error more than 10 times larger (0.25 eV). In terms of computational savings, we save 35% with 20 stdPDEPs and 40% with 5 stdPDEPs for the methane molecule.
C. Interpolation of results
In this work, the computed energy levels were interpolated with respect to the total number of PDEPs,
where a is the converged energy level and b is an arbitrary number depending on the system. In Fig. 3, we show results for the vertical ionization potential of the methane molecule with respect to the total number of PDEPs included in the calculation: 20 stdPDEPs were used followed by 0, 100, 200, 300, 400 kinPDEPs. We note that as the number of kinPDEPs 
